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A B S T R A C T

Early detection of retroviruses including human T-cell lymphotropic virus and human immunodeficiency virus in
the human body is indispensable to prevent retroviral infection propagation and improve clinical treatment. Until
now, diverse techniques have been employed for the early detection of viruses. Traditional methods are time-
consuming, resource-intensive, and laborious performing. Therefore, designing and constructing a selective and
sensitive diagnosis system to detect serious diseases is highly demanded. Genetic detection with high sensitivity
has striking significance for the early detection and remedy of disparate pathogenic diseases. The nucleic acid
biosensors are based on the identification of specific DNA sequences in biological samples. Nanotechnology has an
important impact on the development of sensitive biosensors. Different kinds of nanomaterials include nano-
particles, nanoclusters, quantum dots, carbon nanotubes, nanocomposites, etc., with different properties have
been used to improve the performance of biosensors. Recently, DNA nanobiosensors are developed to provide
simple, fast, selective, low-cost, and sensitive detection of infectious diseases. In this paper, the research pro-
gresses of nano genosensors for the detection of HIV-1 and HTLV-1 viruses, based on electrochemical, optical, and
photoelectrochemical platforms are overviewed.
1. Introduction

Viruses are nanoparticle infectious agents that are capable of causing
various diseases [1]. Retrovirus is a RNA virus which its cDNA integrates
into the chromosomal DNA of a host cell [2]. It is difficult to detect the
provirus due to the rare proviral DNA expression in the infected host for
some weeks, while the oncogenicity may be at high risk [3, 4]. Human
Immunodeficiency Virus (HIV) and Human T-cell lymphotropic virus
(HTLV) are two kinds of human retroviruses that cause diseases with a
high mortality potential [3, 5, 6]. Despite the joint transmission routes
between HIV-1 and HTLV-1, they lead to remarkable different diseases.
The infection by HIV-1 results in the acquired immunodeficiency syn-
drome (AIDS) associated with CD4

þ T cell depletion which results in many
mortal diseases [7, 8]. HTLV-1 causes two main diseases including Adult
T-cell leukaemia/lymphoma (ATLL) and HTLV-1 Associated Myelopa-
thy/Tropical Spastic Paraparesis (HAM/TSP) and also some other
Kermani).
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disorders [9, 10, 11]. Moreover, the retroviral coinfection has been re-
ported frequently in recent years [12, 13]. Approximately, HIV [14] and
HTLV-1 [15] infected over about 36 and 20 million people, respectively.
Therefore, they have been causing a significant concern worldwide and
their early detectionwill help the control and prevention of spreading the
viruses and ensure the appropriate treatment. Some serological tests are
performed routinely for HIV-1 and HTLV-1 detection such as western blot
and enzyme-linked immunosorbent assay (ELISA) assay which are very
selective and sensitive, however, these methods suffer from some false
positive and negative outcomes due to the reaction of samples with one
or more of the antigens. Also, these methods need specialized labora-
tories and highly skilled personnel [16, 17, 18, 19, 20, 21, 22]. Due to a
relatively long time from host infection to antibody production or
insufficient antibody to be detected with immune assay-based during this
period, new strategies would be developed to the detection of virus DNA
sequences at the earliest possible time after human infection [23].
y 2020
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The development of nanoscience and nanotechnology has provided
tremendous progress in the research activities. Toward this endeavor,
some scientists have been interested in constructing biosensors to diag-
nosis virus DNA or RNA with high selectivity and sensitivity by applying
nanomaterials with their unique and tunable electrochemical, optical,
mechanical, catalytic, magnetic, surface, and biological properties [24].
These analytical diagnostic techniques can facilitate the early diagnosis
of HIV-1 and HTLV-1 in the human body more quickly, accurately,
sensitively, and affordable. In this way, these techniques will help to
improve clinical therapy and prevention of virus propagation. Here we
review the recently developed genosensors which are designed with
applying nanomaterials for detection of HIV-1 and HTLV-1 in the recent
10 years, focused on electrochemical- and optical-based methods.
Therefore, the comparison of the nanotechnology-based methods for
early diagnosis of each virus will be provided and discussed.

2. Electrochemical detection

Electrochemical biosensors have many compelling advantages like
inexpensive instrumentation, good specificity and sensitivity, under-
neath detection limit, and rapid detection [25]. The application of
several electroactive nanomaterials to detect different analytes have been
reported [26]. Up till now, some electrochemical gene sensors for HIV-1
and HTLV-1 gene detection have been developed using a variety of
nanomaterials based on different detection methods.

2.1. Square wave voltammetry

The square wave voltammetry (SWV) is one of the substantial
potentiostatic technique in which the current of working electrode is
measured as a function of time and potential between the indicator and
reference electrodes. The excitation signal comprises a base staircase
potential superimposed by a symmetrical square-wave pulse [27, 28].
Adam and colleagues reported a method using paramagnetic micropar-
ticles which were covered by streptavidin. They modified particles by a
specific biotin-labeled viral sequence to detect the human immunodefi-
ciency virus [29]. The viral nucleic acids were detected employing car-
bon nanotubes-based screen-printed as the working electrodes. The
potential step 5 mV and frequency 280 Hz were employed. The oxidation
signal of adenine in the target nucleotide sequence was recorded at 1.15
� 0.05 V. The detection limit was measured as 0.1 pg/μL that was 15-fold
higher than that was performed using a hanging mercury drop electrode
(HMDE).

2.2. Electrochemical impedance spectroscopy

Electrochemical impedance Spectroscopy (EIS) is a sensitive and
potent technique, in which a periodic tiny amplitude AC signal is applied
to monitor the impedance over an appropriate frequency range [30]. EIS
is an effective technique to understand the chemical transformation,
interfacial reactions, and properties (attendance of adsorbed species on
the conductive electrode surface) [31]. Hu et al. demonstrated a
label-free HIV-1 gene diagnosis using functionalized graphene by EIS
technique [32]. In this work, the carboxylated graphene sheets due to
functionalized 10-perylene tetracarboxylic acid (PTCA) was employed.
Afterward, the NH2-IL-stabilized gold nanoparticles (AuNPs) were
monotonically dispersed onto the graphene surface. The resulting
Au-IL/PTCA/graphene platform had vigorous electrostatic interaction to
single-stranded DNA (ssDNA). After hybridizing ssDNA with its com-
plementary target sequence, the formed double-stranded DNA (dsDNA)
contained a more negative charge. Moreover, the enhancement of elec-
trochemical impedance value was observed. The EIS hybridization was
monitored by LOD of 3.4�10�14 M with the following EIS parameters:
the voltage frequencies ranged from 0.1 Hz to 104 Hz and the AC voltage
amplitude of 5 mV. To test the selectivity of the Au-IL/PTCA/graphene
platform toward the DNA hybridization, the hybridization of 20-base
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oligonucleotides probes with the conserved sequence of the pol gene of
HIV-1 as target was compared with disparate mismatched DNA oligo-
nucleotides. The ΔRet values were to be 4.40%, 52.5%, and 26.4% of
hybridization with cDNA for non-complementary, double-base, and
four-base mismatched oligonucleotides, respectively. Gong et al. fabri-
cated an impedimetric DNA sensor to determine the HIV-1 gene utilizing
a graphene-Nafion composite-modified electrode [33]. The ssDNA
probes were adsorbed on the graphene surface through π–π stacking. In
the attendance of HIV gene oligonucleotides, probes hybridized with
them and constituted ds DNA which led to exclusion from the graphene
Nafion/glassy carbon electrode (GCE) surface. Conformational transition
of DNA caused graphene-Nafion interfacial charge changes and these
changes were monitored by EIS in the frequency ranged from 100 kHz to
0.1 Hz and the voltage amplitude of 5mV with the limit of detection of
2.3 �10�14 M. Shamsipur and coworkers utilized a novel sandwich
nanocomposite film to construct an impedimetric sensor which was
capable of detecting sub-femtomolar concentrations of HIV-1 gene
(3.4�10�17 M) by electrochemical impedance spectroscopy [34]. The
designed sandwich array was prepared by electropolymerization of
p-aminobenzoic acid (PABA) on the reduced graphene oxide layer. Then,
AuNPs were electrodeposited resulting in the constitution of AuNP-
s/PABA/ERGO/GCE platform (Figure 1). A comparison between the
obtained analytical parameters of the fabricated sensor based on
probe-DNA immobilized on GCE modified with ERGO/PABA/AuNPs and
another GCE modified with ERGO/AuNPs revealed a supreme perfor-
mance for AuNPs/PABA/ERGO/GCE platform in comparison with that
for AuNPs/ERGO/GCE. Moreover, increasing the mismatched bases
causes less double helix formation on the ssDNA/AuNPs/PABA/ERGO
modified electrode and lower signal intensity compared to the comple-
mentary sequences.

2.3. Differential pulse voltammetry

Differential pulse voltammetry (DPV) is a kind of voltammetric
technique that provides the accurate determination of analytes [35]. In
this technique, the potential is scanned with the sequential regular pulses
superimposed on the potential linear sweep or stairsteps. It can equili-
brate the capacitive/background current which increases the signal to
noise ratio [36, 37].

To detect the small quantities of DNA, a large amount of amplifying
methods has been introduced such as rolling circle amplification (RCA)
[38, 39], polymerase chain reaction (PCR) [40, 41], hybridization chain
reaction (HCR) [42, 43, 44], and enzyme-assisted target recycling [45,
46].

In 2011, Wang and colleagues proposed a voltammetric procedure for
the diagnosis of HIV-1 oligonucleotide, in which a sandwich of multiwall
carbon nanotubes modified by silver nanoparticles was used as the
electrochemical signal amplification probe [47]. The thiolated ss-DNA
self-assembled on the gold microelectrode was employed as the capture
probes. In the attendance of HIV-1 oligonucleotide, capture probes hy-
bridized with it and then with the electrochemical probe. The resulting
sandwich conjugate structure provided a remarkable electrochemical
oxidation signal that was linear in the range from1.0 to 100 pM of HIV-1
DNA with the detection limit of 0.5 pM. An ultrasensitive
electrochemical-based DNA sensor for the diagnosis of HIV gene was
constructed by Chen and coworkers [48]. They amplified the signal
through carriers which were long-range self-assembled DNA structures.
The designed sensor achieved a remarkable detection limit of 5 aM even
in the cell lysate and human serum. They designed a three electrodes
system comprising Ag/AgCl reference electrode, gold electrode assem-
bled with DNA as a working electrode, and a platinum wire as counter
electrode. Two auxiliary oligonucleotide probes named as AP1 and AP2
were designed. Many hybridizations between the two auxiliary probes
occurred which led to 1D DNA nanostructures to the length of more than
20 μm. The Au–S bond was utilized to immobilization of capture probes
on the surface of gold electrode [Figure 2, left panel]. DPV measurement



Figure 1. Schematic diagram of the HIV gene detection using DNA immobilized on the ternary polymer-sandwiched composite as a sensor template. Reprinted with
permission from [34].
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was carried out using a potential range from 0.2 to -0.6 V (versus
Ag/AgCl) in Ru(NH3)6]3, Hexaammineruthenium (III) chloride (RuHex)
solution. After hybridization of capture probe with target, the higher
number of RuHex cations was bound to them. Then, the surface of the
electrode was exposed to AP1 and AP2 which led to the self-assembling
of innumerable AP1 and AP2 onto the DNA nanostructures. Therefore,
more RuHex bound to the DNA nanostructures which caused the
amplification of the electrochemical signal. The sensor was able to
discriminate the target from other sequences.
Figure 2. Schematic illustration of the enzyme- and label-free electrochemical diagno
2012, American Chemical Society.
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Amodified GCE by graphene stabilized gold nanocluster (GR/AuNCs)
was developed by Wang et al. to diagnosis HIV-1- target using an
exonuclease III (Exo III)-assisted target recycling amplification strategy
[49]. GR/AuNCs were modified with aptamers (capture probes) labeled
with cytosine (C)-rich base on 50- end and methylene blue (MB) on
30-end. Binding of aptamers on the GR/AuNCs platform led to the pro-
duction of MB signal. The hybridization between target and aptamers
formed a duplex DNA structure. Then, Exo III digested aptamers from its
30-end leading to liberate MB molecules from the electrode. In this
sis of HIV- DNA based on the self-assembled DNA nanostructures [48]. Copyright
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method, the signal alterations were followed by the DPV technique and
identified as low as 30 aM of the HIV-1 target probe. The full matched
target HIV DNA showed considerable DPV responses compared with the
unmatched and mismatched DNAs. This platform demonstrated 99.8% of
a recovery rate (10 fM of HIV-1 target probe) when used for the human
blood samples.

A label-free bio-barcode sensor has been constructed by Zhang et al.
for the quantitative determination of HTLV-1 and HTLV-2 target [50]. In
this biosensor, the capture DNA functionalized with NH2 was firstly
coupled with the magnetic beads (MBs) bearing the carboxyl functional
group and then constituted a DNA sandwich through binding to the
target self-assembled on AuNPs. Moreover, AuNPs were modified by the
thiolated poly-A and poly-G. In order to detect two target DNAs, the
integration of magnetic separation of MBs with the amplification feature
of AuNPs and ploy A/G was performed. After magnetic separation, DDT
was utilized to release the barcode sequences attached to the AuNP
probes, dipurinization of the unleashed barcode DNA, aggregation at the
modified electrode, and finally, DPV measurement due to the redox ac-
tivity of free adenine (A) and guanine (G) nucleobases. The linearity was
recorded in the range from 4.4�10�11 to 2.0�10�9 M. The detection
limits were determined as1.71�10�12 M for HTLV 1-DNA and
1.55�10�12M for HTLV-2 DNA.

2.4. Hybrid methods

The hybrid methods are consisting of two or more electrochemical
techniques for the detection of analytes. Dai and coworkers demonstrated
the HIV DNA detection on Chitosan/Fe3O4/GEM platform using SWV and
EIS techniques and MB as redox indicator [51]. The viral HIV sequence,
25-mer gene expression of modulator 91 abbreviated as GEM, was used
as the immobilized DNA probe on CS/Fe3O4. The attendance of Fe3O4
superparamagnetic NPs in this system facilitated the electron transfer
and subsequently enhanced the current response with a low detection
limit (50 pM). The hybridizations with complementary (c-HIV), muted
targets, and non-complementary were determined by SWV and also EIS
employed to survey the impact of hybridization on the CS/Fe3O4
interfacial platform of screen-printed electrode (SPE) surface. The opti-
mized SWV parameters were determined as potential ranges from -600 to
400 mV, the frequency 12.5 Hz, and amplitude 25 mV. The frequency
ranging from 200 kHz to 10 mHz employing 5 mV alternating voltage
were optimized as EIS parameters. The SWV response signal decreased
with increasing concentration of HIV DNA target which caused by a
higher affinity of MB for ssDNA rather than dsDNA as an intercalator.
Gong et al. reported a sensing platform containing nanocomposite of
polyaniline/graphene (PAN/GN) to diagnosis the target HIV-1 gene [52].
The presence of polyaniline greatly enhanced the stability and electrical
conductivity at the modified GCE. The ssDNA probe was immobilized on
the surface of modified electrode through π–π* stacking interactions. The
[Fe(CN)6]3-/4- redox couple was used to determine the resistance against
electron transfer of the electrode after any hybridization. Cyclic vol-
tammetry (CV) and EIS were applied to find the electrochemical prop-
erties of this DNA biosensor. The ssDNA/PAN/GN/GCE hybridization
with fully complementary, one-, two-, three-base mismatched DNAs, and
noncomplementary sequences were tested to determine the hybridiza-
tion specificity of the sensor. More mismatched bases led to decrease the
formation of double helixes and also the production of the signal in-
tensity compared with entirely complementary sequences. The sensor
exhibited a LOD of 1.0�10�16 M.

Jia and colleagues produced a novel nanocomposites of CoO,
NiCo2O4, and metallic Co/Ni oxide [53]. They developed the complex of
metal oxides and mesoporous carbon derived from metal-organic
frameworks (MOFs) as the platform of an electrochemical biosensor for
the HIV-1 gene determination. The porous NiCo2O4/CoO/CNTs com-
posite could simplify binding of the probe DNA strands through various
interactions including π-π* interaction, hydrogen bonds, and electrostatic
force. It elevated the sensing efficiency of the HIV-1 target. The
4

techniques of CV and EIS were utilized to determine the electron transfer
variations during the DNA assay in the detection of HIV-1 gene. The CV
curves of the NiCo2O4/CoO/CNTs-based DNA assays were recorded over
the potential range of �0.2–0.8 V. However, the EIS technique was also
utilized to survey the efficiency of composite because of the insufficient
detection sensitivity of the cyclic voltammetry technique. Electro-
chemical measurements disclosed that the developed strategy exhibited
an excellent sensing performance with a low LOD of 16.7 fM to determine
HIV-1 DNA. The selectivity of the NiCo2O4/CoO/CNTs-based assay for
the complementary target HIV-1 DNA was assessed using noncomple-
mentary and two-base mismatched DNA. Results revealed the high
specificity of sensor for the fully complementary target.

3. Optical-based detection

Optical biosensors are known as the most promising type of bio-
sensors that rely on the change of phase, polarization, amplitude, or
frequency of the input light as a consequence of a biochemical reaction.
Various optical techniques like colorimetry, fluorescence, luminescence,
surface Plasmon resonance, etc. are employed in the optical biosensors
[54].

3.1. Fluorescent-based assay

Fluorescence-based diagnosis is the most popular approach for bio-
sensing, principally due to their high sensitivity, diversity, and ease of
operation. Determining low quantities in the fluorescence methods can
be difficult using organic dyes because of their limited quantum yields or
extinction coefficients and the low dye-to reporter molecule labeling
ratio. Nanomaterials as the new fluorophores with diverse optical prop-
erties could replace customary organic dyes [55]. The current review
focuses on applying nanomaterials in the field of fluorescent-based sen-
sors of HTLV-1 and HIV-1 DNA detection.

3.1.1. Quantum dots-based fluorescent assays
Semiconductor quantum dots (QDs) are nanocrystals that are used as

the fluorescence labels in biosensing. Their compositions consist of
hundreds to thousands of atoms of elements of II to VI (e.g., Cd, Zn, Se,
Te) or III–V (e.g., In, P, As) groups. QD particles have numerous unique
virtues like extensive UV-visible absorption spectra, slender emission
bands, and tunable optical properties to any wavelength by merely
changing their size. These features making QDs as the ideal fluorophore
labels that are bright, non-photobleaching with narrow and symmetric
emission spectra for high-throughput screening [56, 57, 58].

A cadmium tellurium quantum dots-carbon dots (CdTe-CDs) fluo-
rescence biosensor was designed by Liang et al. for the diagnosis of HIV
dsDNA. It comprises the water-soluble red-emitting 3-mercaptopropionic
acid capped CdTe QDs and green-emitting carbon dots (CDs) [59]. In this
system, Mitoxantrone (MTX), a synthetic anthraquinone drug containing
an asymmetrical structure could affect the fluorescence intensity of the
red-emitting CdTe QDs via electron transfer. The interaction of MTX with
DNA led to a remarkable emission quenching in the MTX fluorescence
spectra. In this work, the fluorescence of CdTe QDs was quenched by
MTX by alteraion the red fluorescence to an “off” state by reduction of the
emission peak at 599 nm. In the attendance of HIV DNA, MTX interca-
lated into the double helix DNA. The potent and specific attachment of
dsDNA to MTX led to the recovery of QD fluorescence at wavelength of
599 nm. The linear response to the dsDNA concentration was observed in
the range of 0–50 nM with a detection limit of 1.0 nM. Norouzi et al.
constructed a HTLV-1 biosensor employing CdTe quantum dots [60]. It
based on the biotin-labeled acceptor and NH2-reporter probes which
were hybridized with target DNA and formed a sandwich complex on a
well-containing streptavidin. The CdTe QDs were added to the sandwich
complex and then they attached with the amine group of reporter probe
through EDC/NHS. The presence of HTLV-1 DNAwas detected by tracing
the emission spectra of the quantum dots. The system showed a linear



Figure 4. (A) Linearity of HIV-DNA determination by the manufactured testing
strips. (B) The outcomes of examination of various HIV-DNA concentrations of
by the proposed LFA strips under the ultraviolet light. Reprinted with permis-
sion from [61].
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detection of HTLV from 10 pg/μl to 0.24 ng/μl with a detection limit as
low as 19.5 pg/μl. Deng and coworkers utilized fluorescent lateral flow
assay (LFA) strips to diagnosis HIV-DNA quantitatively and applied
strand displacement amplification (SDA) technique and synthesized
DNA-QDs [Fig. 3A, B] [61]. They chose strand displacement as the
amplification technique, in which two hairpin oligonucleotide probes
were included in the process without the need for enzyme catalysis or
special reaction conditions. They applied QDs as a signifier for the
detection experiments. Although a tiny amount of target contributed in
the circular reaction, large QD-dsDNA nanostructures were generated
which would be captivated by the test zone. Two kinds of hairpin DNAs
(H1 and H2) were designed to have specific roles, H1 contained a trigger
and complemented with target DNA and H2was modified with CdTe QDs
as a signal resource for diagnosing. After cultivating HIV DNA with two
hairpin DNAs, it fully complemented with a sectional of H1. Moreover, it
stimulated the despiralization of the H1 stem. Next, the rest of H1 would
provoke the H2 stem to open and hybridize with it. Afterward, with
strand displacement amplification, a tiny amount of HIV DNAs converted
to a large number of H1–H2–CdTe structures, which elevated with
increasing target and caught by t-DNA on the test zone [Fig. 4A, B]. The
mismatched DNAs could not stimulate the despiralization of two hairpin
DNAs, well. Thus, the strips have commendable selectivity for HIV-DNA.
This strip exhibited a LOD as low as 0.76 pM.

Jimenez et al. extended a nanosystem for the identification of human
papillomavirus (HPV) and HIV [62]. The construction was carried out
using two components including magnetic glass particles (MGPs) loaded
by target DNA oligonucleotides and CdTe QDs loaded with the comple-
mentary probe. Target DNAs were directly attached to the MGPs through
the electrostatic interaction and CdTe QDs conjugated to the HIV probes
Figure 3. (A) The illustration of a LA assay strip. (B) The schematic of strand-displacement amplification and positive or negative expression on strips. Reprinted with
permission from [61].
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by a robust covalent thiol binding. Afterward, MGPs helped to release the
DNA from the sample solutions and eventually, the hybridization process
of the bound DNA fragment with the corresponding probe (modified by
QDs) was carried out. Unbound DNA fragments and CdTe QDs were
removed by three times washing. The attendance of the target genes in
the sample was clarified by single time fluorescence measurement.

3.1.2. Fluorescence assays based on metallic nanoparticles, nanoclusters,
and nanosheets

Metallic nanoparticles are nano-sized metals with dimensions within
the size range of 1–100 nm. Their ideal electrical, optical, magnetic, and
chemical properties might prove attractive in various bioanalytical ap-
plications. Metal nanoparticles possess large surface energy; hence they
could be modified with diverse chemical functional groups and binding
to antibodies, ligands, and drugs [63]. AuNPs have a significant role in
the biological systems due to the extensive extinction coefficient, binding
to the biomolecules, overlapping their absorption spectrum with the
emission spectrum of joint energy donors, and their tunable attributes.
AuNPs quench the fluorescence of a fluorophore and also carbon nano-
materials like carbon nanotube and graphene oxide through energy
transfer [64, 65, 66, 67].

Hamd Qaddare and Salimi fabricated a homogeneous biosensor for
the diagnosis of HIV DNA taking advantage of the fluorescence resonance
energy transfer (FRET) strategy, between CDs as donors and AuNPs and
AuNPs/GO as the fluorescence acceptors (quenchers) [68]. CDs with
carboxyl groups covalently bound to functionalized 5-amino-labeled ol-
igonucleotides as capture probes. The hybridization occurred between
probe-CDs and oligonucleotides as the detection probes. In the absence of
DNA target, CDs, AuNPs, and/or AuNPs/GO nanohybride were con-
nected, which led to quenching the CD florescence. In the attendance of
HIV DNA, CDs left the AuNPs surface. It led to the recovery of the CDs
fluorescence because of the stronger hybridization between probe-CDs
and detection probe than that of between AuNPs and probe-CDs.
Figure 5. Schematic of the diagnosis stages of HTLV-1 DNA target based on the fluore
capped Au [69].
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AuNPs/GO nanocomposite exhibited high quenching activities by
significantly decreasing the CDs fluorescence compared with AuNPs, so,
using AuNPs/GO as a quencher was preferred for improving the sensi-
tivity of the approach. The sensor exhibited a quantitative behavior with
a vast linear relationship between fluorescence intensity and concen-
tration of HIV DNA target. The enhancement in the fluorescence response
was found along with increasing the target DNA concentration and as a
result, the increase of the dsDNAs. To assess the specificity of the sug-
gested method, ssDNA-CDs was hybridized with the same concentrations
of complementary, noncomplementary, and two-base mismatched DNAs.
The complementary sequence showed a clear alteration in the signal
compared with other sequences. The detection limit of 15 fM and 5 fM
were acquired from an ssDNA-CD-AuNPs complex and
ssDNA-CD-AuNPs/GO assembly, respectively. Zarei-Ghobadi et al.
introduced a genosensor through quenching the CDs fluorescence in the
attendance of Fe3O4-capped Au (Fe3O4@Au) for diagnosis of a special
region of HTLV-1 genome [69]. Two dedicated probes were designed to
diagnosis target DNA. They selected the 122-bases from the tax region of
the HTLV-1 genome and complementary probes to diagnosis it. Also, the
nucleotide BLAST tool was used to insure the specificity of probes toward
the target. The functionalized CDs with one of the probes were adsorbed
onto the surface of Fe3O4@Au, resulting in the quenching fluorescence
emission of CDs. Upon attendance of target DNA and hybridization, no
FRET signal was observed and the fluorescence emission of CDs was
recovered due to lack of adsorption of dsDNA on the Fe3O4@Au.
Eventually, a magnet was utilized to separate the unhybridized probes
and targets adsorbed on the Fe3O4@Au [Figure 5]. The detection limit of
this genosensor was determined as 10 nM with a linear response range
from 10 to 320 nM. In another work, this group constructed a genosensor
based on quenching the fluorescence of graphene oxide (GO) by AuNPs
for long fragment diagnosis of the HTLV 1 genome [70]. Two thiolated
22 and 30 bases oligonucleotides were designed and functionalized with
AuNPs. They were entirely complemented for the 122-base segment of
scence quenching of carbon dots in the attendance of iron magnetic nanoparticle
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the tax region of the HTLV-1 genome. The adsorbed DNA-AuNPs on the
GO surface caused fluorescence energy transfer between AuNPs and GO.
Therefore, the emission of GO fluorescence was quenched. Both probes
were functionalized with AuNPs in order to place a greater number of
AuNPs in the proximity to GO and consequently enhance the quenching
efficiency. In the attendance of the target, the AuNPs-probes abandoned
the surface of GO and hybridized with the target. Thus, the GO fluores-
cence emission was retrieved. The limit of detection was determined as
low as 10 pg/mL. Lin et al. provided a new nanozyme-based fluorescent
amplified assay for the diagnosis of HIV DNA based on the outstanding
peroxidase-like activity of bimetallic nanoparticles, PtAu NPs, and sep-
aration by magnetic nanoparticles (MNPs) [71]. Nonfluorescent Amplex
Red (AR) was chosen as the signal indicator which can be oxidized into
fluorescent resorufin by peroxidase in the attendance of hydrogen
peroxide (H2O2). The PtAu NPs catalyzed the non-fluorescent AR sub-
strate into fluorescent resorufin, producing a stable and sensitive fluo-
rescent signal. The complementary DNA of HIV (CHIV) was divided into
two portions, CHIV1 and CHIV2. The mixture of CHIV1-PtAuNPs and
CHIV2-MNPs was used as the sensing system. By adding HIV DNA,
CHIV1-PtAuNPs and CHIV2-MNPs linked through hybridization
of CHIV1/HIV and CHIV2/HIV to generate the CHIV1-
PtAuNPs/HIV/CHIV2-MNPs sandwich-like complexes. Next, the unat-
tached CHIV1-PtAuNPs formed complexes under the magnetic field. The
developed strategy exhibited excellent specificity and could discern DNA
target from the single-base mismatched mutant due to the formation of
an impermanent sandwich-like complex. The fluorescence intensity
changed linearly within a range from 10 pM to 500 pM of HIV DNA with
the limit of detection of 5 pM.

Zheng and colleagues introduced the convenient and simple DNA
nanomachine based on AuNPs coupling rolling circle amplification
(RCA) and DNA walker cascade amplification to an ultrasensitive
determination of HIV DNA [72]. The proposed strategy included two
Figure 6. (A) Schematic image of the DNA nanomachine steps for the sensitive dia
fication process on AuNP surface. Reproduced from [72], with permission from the
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steps: (I) RCA reaction and (II) DNA walker cascade amplification for
hybridization onto the DNA-functionalized Au nanoparticle surfaces. In
the attendance of target nucleic acid as the primer sequence, RCA reac-
tion produced hundreds of repetitious catalytic strands triggering the
DNA walker cascade amplification reaction and initiated conjugation of
hairpin DNA (H1) labeled with FAM (5 carboxyfluorescein) on the AuNPs
surface and following assembly of another hairpin DNA (H2) to generate
numerous H1/H2 duplexes. Consequently, the FAM-labeled DNA
payload was liberated and the fluorescence was turned on [Fig. 6A,B].
This strategy exhibited a linear relevance between the HIV DNA con-
centration and fluorescence intensity in the range from 5 fM to 1.67 pM
with a detection limit of 1.46 fM. The specificity of the DNA nanoma-
chine biosensor was studied by the same concentrations of target DNA,
single- and two-basemismatched DNA, and noncomplementary sequence
DNA. It was shown that only the target DNA could produce a strong
signal due to highly hybridization efficiency.

Metal nanoclusters (NCs) are particles composed of few atoms with
dimensions between metal atoms and nanoparticles and unique chemical
and physical properties. Metal NCs exhibit the molecule-like properties
such as excellent fluorescence emission and biocompatibility since their
size is nearby the Fermi wavelength of electrons. Owing to their ultra-
small size, powerful luminescence, enhanced photo-stability, great
emission rates, and biocompatibility, they have been extensively applied
to develop the optical biosensors. Fluorescent silver nanoclusters (Ag
NCs) are promising volunteers in the biological usages because these
nanoclusters can be easily synthesized with good biocompatibility. Some
kind of different scaffolds is applied to synthesize Ag NCs, such as DNA,
polymers, thiols, peptides, and proteins. Ag NCs which could be consti-
tuted within DNA strands containing abundant cytosine have been
considered in the field of bioassay [73, 74]. Cao and coworkers reported
the fluorescent molecular beacon based on the DNA protected silver
nanoclusters (DNA-Ag NCs) probe to diagnosis HIV and HTLV genes [75].
gnosis of HIV DNA by DNA nanomachine. (B) The DNA walker cascade ampli-
Royal Society of Chemistry.
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The signal reporter probe contained a loop complement to the target DNA
and labeled with DNA-Ag NCs at 3́ terminal and guanine-rich sequences
(GRSs) at 5́ end. The hairpin-shape of the probe led to the fluorescence
elevation of Ag NCs because the Ag NCs were in the vicinity of GRSs. At
the attendance of target DNA, the hybridization made the hairpin loop
structure opened and kept Ag NCs far from GRSs which resulted in the
fluorescence reduction of Ag NCs. This biosensor detected HIV and
HTLV-1 genes by the detection limits of 4.4 nM and 8.5 nM, respectively.
The system showed that this approach could distinguish specific DNA
from different mismatched DNA like single-base mismatched.

Ye et al. presented a sensing platform for assay of HIV-DNA based on
the energy transfer from the DNA template Ag NCs as a donor to carbon
nanoparticles oxide as acceptor [76]. They fabricated water-soluble CNPs
oxide combined with dual Ag NCs probe with an excellent quenching
ability whichwas employed as label-free fluorescent probes. This strategy
was designed based on the significant discrepancy between the interac-
tion of CNPs oxide with ssDNA and dsDNA. It was according to the
quenching fluorescence of DNA-Ag NCs by CNPs oxide. In the attendance
of target DNA, the hybridization led to the liberation of ssDNA template
nanoclusters probes from CNPs oxide and the fluorescence recovery of Ag
NCs. Applying dual AgNCs probes, capturing the sameDNA improved the
detection. The fluorescence revering of Ag NCs with dsDNA was depen-
dent on the HIV DNA concentration in the ranges of 1–50 nM, with the
limit of detection of 0.4 nM. Enkin et al. reported two different sensing
strategies based on FRET including Ag NCs as the fluorescents labels [77].
One sensing strategy involved the community of a three-component
sensing platform containing a DNA Ag NCs and a BHQ (Black Hole
Quencher)-modified oligonucleotides hybridized with a oligonucleotide
scaffold which was complement with the target DNA. In the absence of
target DNA, the fluorescence of the Ag NCs was quenched. By introducing
target DNA to the sensing platform, the stranddisplacement of the scaffold
occurred leading to the separationof theDNAAgNCs and illuminating the
NCs fluorescence. In the second sensing strategy, DNA Ag NCs and the
BHQ-modified oligonucleotide were hybridized with a hairpin DNA
scaffold. Thefluorescence of the AgNCswas droppedwithout target DNA.
The attendance of the target DNA triggered the opening of the hairpin and
switched on the fluorescence of the Ag NCs due to the resulting distance
between Ag NCs and the quencher. To examine whether the sensing
platform could sufficiently distinguish target DNA, one-, two-, and
three-base mutations in HIV gene were analyzed. The intensity of the
fluorescence alterations decreased with the increase in the number of
mutations. Yang and coworkers developed a fluorescencemulti-amplified
biosensor for the label-free diagnosis of HIV-DNA based on the DNA/Ag
NCs fluorescence and Exo III-assisted cyclic amplification strategy [78].
Three types of DNA were employed in this approach. One DNA called
X-DNA contained three sectors: a sector was utilized to be complementary
of HIV DNA and the other two were complementary to F-DNA. A X-DNA
hybridized with one HIV-DNA and two F-DNA. The P-DNA which was
employed as a platform to synthesizeDNA/AGNCswas complementary to
F-DNA. Firstly, X-DNAandF-DNAhybridized incompletely and theduplex
structure with protruding 3-hydroxyl termini was manufactured. It
hampered the dsDNA digestion by Exo III, so the F-DNA could not be
released. After introduction of HIV DNA, it hybridized with dsDNA and
then, a new double-stranded DNA (n dsDNA) was constituted. Afterward,
the quadratic amplification system was actuated in association with the
incision of P-DNAwhich played as the template of theDNA/AgNCs, so the
fluorescent of the solution was dropped [Fig. 7A,B]. The addition of
HIV-DNA could result in the fluorescence alteration in the detection range
of 50 pM to 5 nM with the detection limit of 35 pM. The evaluation of
sequence specificity disclosed a substantial distinction between the rela-
tive fluorescence intensity of HIV-DNA and non-target DNA.

An efficient and label-free fluorescent platform based on Ag NCs was
developed by Zou et al. for the simultaneous detecting of two HIV related
genes (HIV 1 and HIV-2) [79]. The sensing strategy was designed based
on the fluorescence advancement of guanine (G)-rich and forming a
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nanoclusters dimer using a new double helix probe. The probe (green
fluorescent Ag NCs/G) was used to detect HIV-1 based on the enhance-
ment effect of G-rich sequence with the maximum emission peak of 565
nm. On the other hand, the orange fluorescent probe (AG NCs/AG NCs)
was utilized for the detection of HIV-2 with the maximum emission peak
of 630 nm. It produced fluorescence only in the form of nanoclusters
dimer because of FRET. In the absence of target HIV DNAs, Ag NCs were
lighted up at one end by G-rich sequence and were enhanced at the other
end, depend on squeezing each other between two Ag NCs. In the
attendance of the target HIV, the structure of the conjugate pairs was
ruined through hybridized probe-HIV DNAs. The green fluorescence was
dropped after adding the target HIV-1 because of the created distance
between Ag NCs and the G-rich sequence. Moreover, the orange fluo-
rescence was quenched after adding HIV-2 due to the segregation from its
auxiliary. When both targets were added, the structure was ruined and
both fluorescence signals were dropped. The nanoprobe showed a linear
range of 0.2–700 nM, and the detection limit of HIV-1 and HIV-2 were
both 12 pM. Another approach for the simultaneous diagnosis of several
targets including HIV-1 gene based on DNA-Ag NCs was presented by
Han and Wei [80]. This system was ascribed to the non-overlapping
emission regions of Ag NCs. They designed the molecular beacon with
three domains: the C-rich sequence for the Ag NCs formation, the com-
plementary loop region of target DNA, and the blocking region. In the
attendance of target DNA, the hairpin structure opened and formed an
abiding duplex structure upon hybridization with the target. So, the
C-rich DNA segment was liberated and DNA-Ag NCs were synthesized
and illuminated the fluorescence signal. The molecular beacon can be
utilized for the sensitive diagnosis of different targets by substituting the
recognition sequence. A good linear relevance for HIV gene was observed
in the range between 0–250 nM with the limit of detection of 0.12 nM. It
was indicated that the Ag NCs-based molecular beacon had superior
target selectivity and could discern even sequence with one mismatch.
The layered transition-metal dichalcogenides (TMD) nanosheets (NS) are
a family of two-dimensional materials (e.g., MoS2, TiS2, WS2, etc.) with
interesting physical, electronic and chemical properties. Due to their
simple synthesis and dispersion in aqueous, the TMD NS have many
biomedical applications. Molybdenum disulfide nanosheets (MoS2 NS)
shows the fluorescence quenching and various adsorption capabilities
toward ssDNA against dsDNA [81]. A fluorescence sensing approach for
the HIV DNA determination was developed by Wang and coworkers
employing MoS2 nanosheet and Exo III-assisted amplification [81]. The
study utilized the different affinity of MoS2 nanosheets for long and short
ssDNA accompanied by exonuclease III-assisted target recycling signal
amplification. Two principals have been proposed for developing this
strategy: I) Exo III elects the stepwise exclusion of mononucleotides from
blunt or recessed 30-hydroxyl termini of dsDNA. However, it has no ac-
tivity toward protruding 30-termini of dsDNAs or ssDNA [82]. II) MoS2
NS has the great fluorescence quenching capability and different affinity
for short oligonucleotide segment and ssDNA [83, 84]. In the absence of
target DNA, Exo III was unable to remove the fluorescence-tagged ssDNA
probes (FPs), so FPs absorbed on the MoS2 NS surface. Consequently, the
fluorescence of the fluorophore was decreased by MoS2 NS. Upon adding
target DNA, the FPs hybridized with target and constituted dsDNA. Then,
the DNA probe in the duplex was hydrolyzed from the blunt 3 and
mononucleotides by Exo III. Therefore, the stunted dye-tagged oligonu-
cleotide segments were produced. Their low affinity toward the MoS2 NS
caused remaining the fluorescence intensity. In this process, the HIV DNA
target with a protruding 30 terminus survived and hybridized with
another FP. Afterward, many of FPs were hydrolyzed with the short
oligonucleotide segments containing a low affinity to MoS2 NS. The limit
of detection of this biosensor was 5.3 pM for HIV DNA.

The fluorescence intensity for the HIV DNA target was three-fold than
that of single-base mismatched DNA and six-fold than that of three-base
mismatched DNA and random DNA indicating the high specificity of this
HIV DNA biosensor.



Figure 7. Representation of the analysis of the HIV-DNA using DNA/AgNCs and autonomous exonuclease III (Exo III)-assisted recycling signal amplification, A)
Fluorescence on; B) Fluorescence off. Reproduced from [78], with permission from the Royal Society of Chemistry.
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3.1.3. Fluorescence polarization assay
Fluorescence polarization (FP) or fluorescence anisotropy is a rapid,

accurate, quantitative, and sensitive technique in the biochemical
research in a broad range of experimental conditions [85, 86, 87, 88,
89]. The polarization value has reverberate relevance with the rotation
rate of the fluorescently labeled molecule, which depends upon the
molecular volume and molecular mass at a fixed solution viscosity and
temperature [90]. The increase in the molecular mass or size of the
fluorescent molecule slows down the rotation motion, thus causing a
more fluorescence polarization value. Conversely, the fluorescence po-
larization value is smaller. To enhance the diagnosis sensitivity,
numerous nanomaterials such as carbon nanotubes [91], AuNPs [92],
and Ag nanoparticle [93], etc were utilized to amplify fluorescence
9

polarization signals. Liang and coworkers constructed a fluorescence
polarization assay system for diagnosis of HIV-DNA through AuNPs
self-assembled by the functional dendritic macromolecules [94]. Firstly,
AuNPs loaded by two DNA probes as reporters were prepared. In the
attendance of HIV-DNA, the fluorescently labeled DNA probes and
AuNPs-DNA dendritic macromolecules hybridized with the target DNA
to constitute a sandwich DNA complex. The rotational speed of the
probes was reduced because of the large size and molecular weight of
AuNP-DNA dendritic macromolecules. It led to the substantial
enhancement of the fluorescence polarization value. The values of
fluorescence polarization decreased with the addition of the number of
oligonucleotide mutations. The relative fluorescence polarization
amounts for the non-complementary target DNA was almost the same as
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the background signal. The fluorescence polarization showed a linear
trend in the concentration range of 150 pM to 6 nM HIV-DNA with the
detection limit of 73 pM.

3.2. Chemiluminescence-based assays

Electrogenerated chemiluminescence known as electro-
chemiluminescence (ECL) is according to the generation of light at an
electrode by producing the electronically excited-state intermediate
via electron-transfer reactions at the electrode surfaces and then
light-emitting. Possessing attractive benefits such as excellent selec-
tivity, high sensitivity, fast response, trivial background signal, cheap
instruments, and superior controllability, ECL biosensors are a
powerful device for the diagnosis of the trivial amounts of bio-
molecules [95].

In 2015, Wang et al. designed a new strategy for the highly effi-
cacious ECL diagnosis of HIV DNA taking advantage of HCR strategy
and using AuNPs as a signal amplification component. As depicted in
Figure 8, a capture probe (CP) immobilized on an electrode through an
Au–S bond. In the attendance of tDNA, the lengthy concatamers con-
taining plentiful intermittent biotinylated DNA probes (auxiliaries 1
and 2) could be formed automatically and were immobilized firmly on
the gold electrode through tDNA and CP. Then, the streptavidin-coated
AuNPs were attached to the biotinylated DNA and assembled on the
DNA sensor surface. It catalyzed luminol to generate a substantial ECL
signal. This ECL biosensor provided the sensitive diagnosis of HIV-1
with a detection limit of 5.0 fM. The noncomplementary DNA and
the blank solution exhibited the same response. This approach
revealed a notable proficiency to discern DNA target from the mis-
matched ones and high potential for single nucleotide polymorphism
(SNP) analysis [96]. In another work, a new molecularly imprinted
polymer (MIP) electrochemiluminescence (MIP-ECL) biosensor was
used for the HIV-1 gene diagnosis in which Europium sulfide nano-
crystals (EsNCs) was used to produce the luminescent signal [97].
Electropolymerization of the HIV aptamer and ophenylenediamine as
the template and functional monomer, respectively, formed an ultra-
thin imprinted film on the ITO electrode surface. Incubation of MIP
and the DNA target led to the constitution of the EuS NCs-DNA pro-
be/HIV target DNA duplex. The EuS NCs-DNA probe could introduce
to the electrode leading to the significant enhancement of the ECL
signal. This biosensor exhibited the supreme specificity for the
detection of HIV DNA in comparison to noncomplementary and
sequence with two bases mismatch. The strong electro-
chemiluminescence emission of EuS NCs and good efficacy of molec-
ular imprinting method caused the successful diagnosis of HIV DNA
with a LOD of 0.3 fM and a linear range of 3.0 fM to 0.3 nM.
Figure 8. Electrogenerated chemiluminescence (ECL) diagnosis of HIV- DNA with th
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3.3. Nano plasmonic assays

Surface plasmons (SPs) are surface electromagnetic waves resulting
from surface plasmon resonance (SPRs) which propagate the metal/
dielectric interface. Essentially, the waves trapped at the border of the
conductor and the external medium. The resonant oscillations are highly
dependent on the alteration of the interface like the molecule adsorption
on the conducting surface. SPR is a substantial optical biosensing method
due to its application for real-time, label-free, and noninvasive nature of
method [98, 99].

An SPR biosensing strategy was developed by Diao et al. for the HIV
DNA diagnosis without enzyme or label based on double-layer DNA
tetrahedrons (DDTs) and dynamic entropy-driven strand displacement
reactions (ESDRs) [100]. The sensing chip surface was immobilized by
the Hairpin capture probes via Au–S binding. When the stable
three-stranded beacon complexes were formed, the DNA target could
specifically attach to the toehold zone of three-stranded complexes and
started toehold-mediated strand displacement reactions. It led to the
employing DNA target and generation of the multiple double-stranded
complexes, which specifically hybridized with the capture probes and
exposed the binding sites of DDTs to the chip surface. Then, three-decker
composites were generated on the SPR chip which dramatically
improved signal [Figure 9A, B]. The response of DNA target was
approximately 2.5-fold that of a single-base mismatch target and 6-fold
that of double-base mismatch target and non-complementary sequence.
The constructed SPR sensor could determine DNA target in a linear range
from 1 pM to 150 nM with a LOD of 48 fM.

Surface-Enhanced Raman Scattering (SERS) spectroscopy is an
indispensable technique that overcomes the traditional drawbacks of
Raman scattering by greatly enhancing the weak Raman signal of
metals as high as 1014-1015 which is sufficient to allow detection of
even individual molecule [101, 102, 103, 104]. Two enhancement
mechanisms were proposed for the large amplification of Raman signal
namely electromagnetic enhancement and chemical enhancement. The
electromagnetic theory is based on the oscillation of conducting elec-
trons in the metal nanostructures due to the oscillation of the electric
field. Chemical enhancement theory is according to the charge transfer
of metals via holes or electrons to the adsorbed molecules [105, 106].
Raman modes are excited by Visible and Near-Infrared Radiation (NIR).
Au NPs and Ag NPs are common nanoparticles used to enhance optical
properties in SERS because of providing maximal SERS enhancement
effect [107]. A novel SERS-based LF was proposed by Fu and colleagues
for the quantitative diagnosis of HIV-1 DNA. It was designed based on
the hybridization reaction of DNA conjugated AuNPs, capture DNA, and
target DNA [108]. Raman reporter functionalized by Malachite green
isothiocyanate (MGITC) AuNPs were applied as nanotags. Since MGITC
e DNA-based hybridization chain reaction. Reprinted with permission from [96].



Figure 9. A) The representation of the construction of double-layer DNA tetrahedrons (DDTs); (B) Schematic illustration of the SPR biosensing platform for the HIV-
DNA detection based on the dynamic ESDRs and structural DDTs Nanodevices. Reprinted with permission from [100].

S.-H. Mozhgani et al. Heliyon 6 (2020) e04048
exhibits a strong Raman enhancement effect, MGITC-AuNPs-DNA were
used as SERS tags instead of using DNA-labeled AuNPs which were
utilized in the conventional LF strips. The control and test lines were
formed by immobilizing control and capture DNA probes on the surface
of MGITC-AuNPs, respectively. The quantitative determination was
performed through following the alteration in the Raman intensity of
DNA conjugated AuNPs on the test line. Under the optimized condition,
a linear relevance between the Raman intensity and concentration of
HIV-1 was acquired with the LOD of 0.24 pg/ml in the range of 8 pg/ml
to 64 ng/ml. In other work, Hu et al. developed an assay to diagnosis
HIV-1 DNA based on the nanojunctions (NJs)-based biosensor using
SERS. In this detection assay, the thiol-terminated capture probe com-
plementary to a segment of HIV-1 DNA was stabilized on the surface of
Au substrate and AuNPs were modified by two complementary
Raman-labeled DNA sequences, separately and used as the detection
probes. In the attendance of a target, at first, the detection probe I
precipitated on the substrate with the capture probe and formed a
sandwich structure resulting in the target amplification. Then, the
distance between Au NPs and Raman tags was decreases after hybrid-
ization of two complementary diagnosis probes. Also, two conjugated
Au NPs created the SERS ‘‘hot spots’’. Formation of the
multi-metal-molecule-metal NJs led to reducing the distance between
Au NPs and Raman labels, thus, the Raman signal of the tag-labeled
diagnosis probes was substantially increased. To determine the selec-
tivity and detect the target DNA, a series of comparative experiments
using different mismatched sequences were surveyed. It was demon-
strated that the proposed method had superior features for the diag-
nosis of target DNA due to the signal amplification. The SERS signal
elevated linearly from 0 to 10�13 M and LOD as low as 10�19 M [109].
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3.4. Detection with dynamic light scattering

Dynamic Light Scattering technique (DLS), also known as Photon
Correlation Spectroscopy or Quasi-Elastic Light Scattering, is an optical
technique to measure the size of different kinds of particles dispersed in a
liquidmedium, typically down to 1 nm. DLSmeasures the random changes
in the intensity of laser light scattered by molecules in solution or sus-
pension. These particles can be organic such as carbohydrates, polymers,
proteins, and surfactants or inorganic like metals (silver, gold, and tran-
sition metal oxides). Also, the hybrid particles containing inorganic cores
covered by organic molecules can be characterized [110, 111, 112].

Zou et al. developed a novel PCR-DLS assay for the rapid diagnosis of
HIV-1 gene considering the mean diameter alteration of AuNPs [113]. It
is the first application of DLS technique as a signal read-out for the PCR
assay. Before PCR amplification, the forward and reverse primers could
not hybridize with AuNP probes, so, the AuNP probes dispersed well. The
PCR process resulted in the unwinding hairpin and production of
respective DNA templates, continuously. As illustrated in Figure 10, the
PCR product contained liberate ssDNA tails at both ends could be pro-
duced by primers and hybridized with the DNA functionalized AuNP
probes. It led to the aggregation of AuNPs and a remarkable increase of
the particle size which measured using DLS with a LOD of 1.8 aM.

4. Photoelectrochemical detection

The photoelectrochemical (PEC) process involves transforming
photon-to-electricity due to the charge transfer after absorption of pho-
tons during light irradiation. PEC sensing is a novel strategy for bio-
analysis via charge transfer reactions between a photoelectrochemically



Figure 10. PCR-DLS assay for the diagnosis of HIV- DNA based on the mean diameter change of AuNPs. Reprinted with permission from [113]. Copyright 2018,
American Chemical Society.
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active material, analyte, and electrode upon light illumination. In the
PEC detection, the excitation source and detection signal are light and
photocurrent, respectively. PEC sensors have the advantages of both
electrochemical and optical sensors because of the ability to couple the
photoexcitation process with the electrochemical diagnosis. Further-
more, the resources of excitation and detection in the PEC process are
separated which make PEC biosensors highly sensitive with low back-
ground signal [114].
Figure 11. The fabrication of PEC biosensor for the diagnosis of HIV-1 photoactive m
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Shi et al. constructed a photoelectrochemical biosensor for the HTLV-
1 DNA diagnosis by the association of λ-exonuclease (λ-Exo) aided target
recycling, HCR, and enzyme catalysis for cascade signal amplification
[115]. The ITO/RGO/CdS/ZnS PEC electrode was utilized to stabilize
DNA sequences. They designed a hairpin structure (h1DNA) consisted of
two zones comprising the recognition zone which was complementary to
the target DNA (tDNA) at the 50terminal and the output zone which was
somewhat complementary to capture DNA (cDNA). In the lack of tDNA,
aterials and triple-helix molecular switch. Reprinted with permission from [116].
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the overhang phosphorylated terminal of h1 DNA could not be cleaved by
λ-Exo. However, in the attendance of target DNA (tDNA) of HTLV-1,
h1DNA could form a dsDNA and the blunt 5 phosphorylated terminal
dsDNA 1. It also triggered the hybridization of oDNA with cDNA, which
led to loading manifold biotin-labeled hairpin DNAs onto the photo-
electrode through the HCR. Eventually, the electrode was functionalized
with avidin-labeled alkaline phosphatase (avidin-ALP). The ALP cata-
lyzed dephosphorylation of phospho-L-ascorbic acid trisodium salt (AAP)
to produce ascorbic acid (AA) as an efficient electron donor and
Table 1. Comparison of analytical performance (linear range and LOD) of the differe

Detection Method Strategy

Electrochemical Square Wave
Voltammetry (SWV)

CNT screen printed working electrode

PTCA/graphene sheets functionalized wit

Electrochemical Impedance
Spectroscopy (EIS)

graphene/nafion nanofilm modified GC e

GC electrode modified with AuNPs/PABA

Signal amplification of multiwall carbon n

Differential Pulse
Voltammetry (DPV)

Long range self-assembled DNA nanostruc

Graphene stabilized AuNCs modified GC

Hybride Methods Chitosan/Fe3O4 immobilized DNA probe

ssDNA/polyaniline/graphene nanocompo

Binding of DNA probe to porous NiCo2O4

Optical Fluorescence FRET between CdTe QDs and CDs

Integration of Lateral Flow assay strips an

CdTe QDs tagged complementary DNA pr

FRET between AuNPs/graphene oxide an

Peroxidase like activity of Pt/Au NPs and

DNA nanomachine based on Au NPs and

Hairpin shaped probe tagged with AG NC

FRET between CNPs oxide and Ag NCs

FRET between DNA Ag NCs and BHQ

DNA/AG NCs probe and Exo III-assisted c

Fluorescence enhancement of Ag NCs by
auxiliary G rich sequence probe

Non overlapping emission of different mo

Different interaction of ss DNA and ds DN

Fluorescence Polarization Self-assembly of Au NPs to form the dend

Chemiluminescence Hybridization chain reaction and AuNPs

Molecularly Imprinted Polymer and Euro

Nano plasmonic SPR biosensing strategy based on dynami
reactions
and double-layer DNA tetrahedrons

SERS biosensing strategy based on hybrid
on MGTIC/AuNPs

SERS biosensing strategy based on format
nanoconjugation

Dinamic Light
Scattering (DLS)

Combination of polymerase chain reactio

Photoelectrochemical HCR and enzyme catalysis for cascade sig

Table 2. Comparison of analytical performance (linear range and LOD) of the differe

Detection Method Strategy

Electrochemical Differential Pulse
Voltammetry (DPV)

Self-assembly of DNA on Au NPs and magn

Optical Fluorescence CdTe modified DNA probes

FRET between CDs and Fe3O4@Au NPs

CdTe QDs tagged complementary DNA prob

Hairpin shaped probe tagged with AG NCs

Photoelectrochemical Cascade photoactive materials and triple he
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consequently extremely elevating the photocurrent signal. The intensity
of the photocurrent signal was commensurate to the concentration of
tDNA. To determine the specificity of the DNA sensor, the photocurrent
signals response of various sequences including target DNA, one-base
mismatch, and noncomplementary DNA sequences were surveyed. The
higher photocurrent response of HTLV-1 DNAwas observed than those of
mismatch DNA, which confirmed that the constructed biosensor could
efficiently discern various DNA sequences. The fabricated photo-
electrochemical biosensor showed an ultrasensitive diagnosis of HTLV-1
nt nano biosensing systems for detection of HIV-1.

Limit of
Detection

Linear Range Ref.

0.1 pg/μl 0.2–25 μg/ml [29]
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1 nM 0–50 nM [59]
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separation of magnetic NPs 5 pM 10pM–500pM [71]
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dimer formation and 12 pM 0.2–700 nM [79]

lecular beacon template Ag NCs 0.12 nM 0–250 nM [80]

A with MoS2 sheet 5.3 pM 0.01–0.25 nM [81]

ric macromolecules 73 pM 150 pM- 6 nM [94]

5 fM 0.02–1 pM [96]

pium sulfide nano crystals 0.3 fM 0.3–3 fM [97]

c entropy-driven strand displacement 48 fM 1 pM–150 nM [100]

ization of DNA conjugated 0.24 pg/ml 8 pg/ml – 64 ng/ml [108]

ion of multi metal molecule DNA 100 AM 0–10 pM [109]

n and DLS 1.8 aM 10 aM–1.9 pM [113]

nal amplification 11.3 aM 50 aM–100 pM [115]

nt nano biosensing systems for detection of HTLV-1.

Limit of Detection Linear Range Ref.

etic separation 1.7 pM 44 pM–2 nM [50]

1.95 pg/μl 10 pg/μl – 0.24 ng/μl [60]

10 nM 10–320 nM [69]

e 10 pg/ml 10 pg/ml – 21 ng/ml [70]

8.5 nM 10–200 nM [75]

lix molecular switch 0.65 fM 1 fM – 1 nM [115]
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DNA (11.3 aM). A PEC biosensor was fabricated by Wang et.al. to diag-
nosis HIV-1 DNA utilizing the triple-helix molecular switch and cascaded
photoactive materials. The ZnO nanorods were attached to the
gold-paper working electrode (Au-PWE) of a microfluidic paper-based
analytical device (μ- PAD). The various sizes of CdTe quantum dots
(CdTe–NH2 QDs and CdTe–COOH QDs) were employed to constitute a
cascaded photoactive interface for amplifying the signal.

A hairpin structure DNA as capture probe (H-DNA) was immobilized
on the photoactive surface and 6-mercaptohexanol (MCH) was utilized to
cover non-specific regions. Afterward, a gold nanoparticle modified
ssDNA, which was labeled by alkaline phosphatase (ALP-Au NPs-DNA) at
each termini was added to be complementary of the H-DNA and form a
triple-helix structure. In the absence of T-DNA, the triple-helix molecule
conformation was unchanged and the ALP of ALP-Au NPs-DNA could
catalyze AAP to generate AA as electron donors, resulting in a substantial
photocurrent signal. When T-DNA was introduced to the system, it hy-
bridized with ALP-Au NPs-DNA of the triple-helix molecule which dis-
assembled the triple-helix structure. Thus, the basic structure of H-DNA
was retrieved and compelled the ALP-Au NPs-DNA to release from the
electrode surface. Subsequently, the photocurrent response was signifi-
cantly reduced [Figure 11]. To assess the specificity of the PEC sensor,
the impact of various DNA sequences on the photocurrent changes were
surveyed. The increase in the number of mismatch bases led to the
enhancement of the photocurrent responses. It confirmed the superior
specificity of biosensor. This PEC biosensor had a broad detection range
of 1fM-1nM and also a low LOD of 0.65 fM [116].

5. Conclusions and outlook

Traditional strategies for recognition of viruses and viral components
are laborious, time-consuming, and expensive, thus, simple, rapid, and
inexpensive viral biosensors are urgently demanded the early diagnosis
of viral infections. Nucleic acids are one of the most significant bio-
markers which have a significant role in the basic studies and clinical
diagnosis specially at the ultralow concentration. Researchers have
developed DNA nanobiosensors that offer a great prospect for the
detection of viruses' genome using nanotechnology integrated methods
and DNA structures. Utilizing these kinds of sensors that have been dis-
cussed here, highlight the sequence-specific hybridization detection of
HIV-1 and HTLV-1 DNA and also their important parameters such as
detection limit/range of designed bioassays. While all the reviewed DNA
nanobiosensors demonstrate the remarkable capabilities to detect HIV-1
and HTLV-1 gene in the controlled lab environment. It is necessary to
consider the characteristics required for the real application throughout
the entire development process. Tables 1 and 2 summarize the charac-
terized parameters of published reports on the HIV-1 and HTLV-1
genome detection, respectively. The tables indicate that the electro-
chemical based DNA nanobiosensors have the characteristics of large
linear range, lower LOD, and superior sensitivity, however, their de-
velopments for the professional settings may take a long time and be very
costly. Applying nanomaterials and nanostructured interfaces improved
the performance of the developed DNA nanobiosensors, especially their
sensitivity, ease of use, and a trace amount of sample. On the other hand,
the limitation of current methods is using multiple steps and requiring
amplification techniques in some of the designed methods that may lead
to an increase in the time of detection. In addition, it should be consid-
ered that the DNA probe structures used for sensing have to resist in
various solution conditions and remain stable during the detection. So, to
overcome these defections further improvement in designing the pro-
tocols and trying to provide a clever and highly precise design concept
assays is needed. DNA nanostructures offer many advantages over the
previous approaches and enable studying multiplexed detection systems
and networks [117, 118, 119]. Future DNA nanobiosensores will need to
be improved in order to have superior transduction, simpler processing,
more faithful signal conversion in the form of developed DNA bio strip
and biochips with no need for amplification.
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